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A major challenge for current evolutionary and developmental biology research is to
understand the evolution of morphogenesis and the mechanisms involved. Teeth are
well suited for the investigation of developmental processes. In addition, since teeth
are composed of hard-mineralized tissues, primarily apatite, that are readily preserved,
the evolution of mammals is well documented through their teeth in the fossil record.
Hypsodonty, high crowned teeth with shallow roots, and hypselodonty, ever-growing
teeth, are convergent innovations that have appeared multiple times since the mammalian
radiation 65 million years ago, in all tooth categories (incisors, canines, premolars, and
molars). A shift to hypsodonty, or hypselodonty, during mammalian evolution is often, but
not necessarily, associated with increasingly abrasive diet during important environmental
change events. Although the evolution of hypsodonty and hypselodonty is considered
to be the result of heterochrony of development, little has been known about the exact
developmental mechanisms at the origin of these morphological traits. Developmental
biologists have been intrigued by the mechanism of hypselodonty since it requires the
maintenance of continuous crown formation during development via stem cell niche
activity. Understanding this mechanism may allow bioengineered tooth formation in
humans. Hypsodonty and hypselodonty are thus examples of phenotypic features of teeth
that have both impacts in understanding the evolution of mammals and holds promise for
human tooth bioengineering.
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INTRODUCTION
Evo-Devo, or Evolutionary Developmental Biology, combines the
two independent research disciplines of Evolutionary Biology and
Developmental Biology (Arthur, 2002; Churchill, 2007; Gerson,
2007). Evolutionary Biology explores the evolution of forms
that have been realized and their variability and Developmental
Biology proposes morphogenetic mechanisms that could have
been explored. Müller (2007b) insisted on the emergence of Evo-
Devo from the limitations of these two disciplines to explain
the form and the structure of the organisms. Since then, the
Evo-Devo field became one of the most vigorous parts of biol-
ogy (Gerson, 2007). In the recent years, considerable progress
has been made in understanding the developmental basis of
morphological evolution (Wagner, 2007). However, to become
an independent scientific field, Evo-Devo must prove its poten-
tial to induce new scientific questions (Müller, 2007a). Among
the new questions that can be assessed by Evo-Devo, one is
how development contributes to phenotypic novelty (Müller,
2007a), and especially evolutionarily convergent phenotypes
(Wake et al., 2011).
Mammalian dentition is characterized by heterodonty with
four tooth categories (incisor, canine, premolar, and molar) and
a great diversity of tooth morphology. These innovations in tooth
morphology are considered to be in part responsible for the evo-
lutionary success ofmammals (Jernvall and Thesleff, 2012).While
mammal ancestors, like vertebrates, were constantly replacing
their teeth, and therefore qualified as polyphyodonts, most cur-
rent mammals are diphyodont (replacing their teeth only once).
At the beginning of the mammalian radiation, the stem mam-
mal ancestors (e.g., Morganucodon and Sinoconodon) had five
incisors, one canine, four premolars and five molars in each jaw
quadrant but the number of functional incisors was variable,
the canines could be replaced four time during the life-span of
the animal, and the Sinoconodon molars were replaced, but not
Morganucodon (Kielan-Jaworowska et al., 2004). Teeth were sub-
sequently lost in almost all the placental mammalian lineages,
such as humans and rodents (O’Leary et al., 2013), and teeth
were replaced only once, except formolars that are never replaced.
However, some exceptions can be found: one wallaby (Petrogale
concinna), manatees and one African mole-rat (Heliophobius
argenteocinereus) display a kind of polyphyodonty. These animals
constantly replace their molars by developing new teeth in the
back of their jaw, while the oldest molar is discarded in the front
of themolar domain, resulting in a horizontal treadmill-like tooth
replacement mechanism (Gomes Rodrigues et al., 2011).
In order to counteract the decrease in tooth number and the
lack of tooth replacement capacity, some mammals developed
hypsodont, i.e., high-crown, and hypselodont, i.e., ever-growing,
teeth (Figures 1, 2; Tables S1, S2). Interestingly, the comparison
of polyphyodont, diphyodont, and hypselodont dentitions can
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FIGURE 1 | Diversity of the tooth types—brachydont, hypsodont,
hypselodont, no teeth and plates—in all mammalian Orders and Families.
(A) Phylogeny at the Order level, simplified fromMeredith et al. (2011),
associatedwith a schematic representation of the diversity of the tooth types in
each mammalian Order. (B) Proportions of the tooth types in all mammalian
Families. Results are represented in percent. The data refers to the Table S1.
demonstrate the evolutionarily conserved potential of dental stem
cells to form new dental tissue, from replacement teeth to the
continuous growth of hypselodont teeth (Jernvall and Thesleff,
2012; Juuri et al., 2013). In this evolutionary scheme, whereas the
number of teeth and their replacement tend to decrease in evolu-
tion leading to the reduced dental formula of rodents for instance,
the tooth shape complexity increased and new strategies of tooth
renewal appeared (Jernvall and Thesleff, 2012).
A tooth is considered as hypsodont if its crown height exceeds
its length (or sometimes the width) (Van Valen, 1960; Janis and
Fortelius, 1988). However, it is difficult to define precisely hyp-
sodonty as mammalian teeth form a continuum between brachy-
dont teeth (low crown and well-developed roots) to hypselodont
teeth (ever-growing crown without roots). The intermediate
stages consist in different degree of hypsodonty where the crown
height might depend on a timing balance between crown pro-
duction and root formation during the animal life span, i.e.,
heterochrony in ontogeny, as well as the wear rate for occlud-
ing teeth (Koenigswald, 2011). Hypsodonty can be defined also
based on the nature of the biological tissues that compose
the crown of the tooth and when these tissues develop dur-
ing the ontogeny (Koenigswald, 2011). For example, crowns of
hypselodont tooth are usually covered with enamel but some
examples show only dentine-covered ever-growing teeth, such
as elephants (e.g., Loxodonta, Elephas) incisors, the canines of
the Indonesian babiroussa (Babyrousa babyrussa) and the wal-
rus (Odobenus), and the molars of the sloth (e.g., Bradypus,
Choloepus) (Table S2). The enamel present in juvenile teeth dis-
appeared during the ontogeny of the animal. In addition, the
asymmetric incisor of rodents, with enamel only on the labial side
and while dentine is apparent on the lingual side, may correspond
to a simultaneous and continuous development of the enamel and
dentine tissue during ontogeny (Koenigswald, 2011).
Ever-growing teeth intrigued developmental biologists since
the first description of continuously growing incisors of rodents
by Waterhouse in 1848. However, over a century passed
before the first experiments analyzing the phenomenon of
tooth renewal were conducted (Hwang and Tonna, 1965;
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FIGURE 2 | Evolution of brachydonty, hypsodonty and hypselodonty
in mammalian teeth through phylogeny. Data from tooth types
have been collected from the literature (see details in Table S2) and
superimposed on the mammalian phylogentic tree performed by
O’Leary et al. (2013). Node numbers refers to the oldest taxon on
the lineage, reported in the Table S2. The colored circles indicate the
tooth types associated to the species. Same color code as Figure 1.
Black circles correspond to species without data on tooth types. ?:
refers to unclear tooth type. Ages are in million years. Adapted from
O’Leary et al. (2013).
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Smith andWarshawsky, 1975; Smith, 1980). These studies showed
fast displacement of ameloblasts and odontoblasts in mice and
rats, demonstrating rapid renewal of the incisors. The best
example used to study ever-growing teeth is the mouse incisor.
However, more studies nowadays are interested in ever-growing
molars in other rodent models like the vole and the guinea pig
(Tummers and Thesleff, 2003; Ohshima et al., 2005). In addition,
hypsodont molars can be used to explore the mechanisms of the
crown-root transition, meaning the level of hypsodonty during
evolution.
This review aims to show how evolutionary biology gains from
developmental biology to understand the evolution of this impor-
tant phenotype in mammal evolution. At the same time, we
demonstrate how developmental biology gains from evolution-
ary biology to observe the diversity and the conservation of the
stem cell niche maintenance mechanism throughout geological
time-scale.
We report for the first time, a review on the evolution of
the crown height from all the tooth types in mammals from
low-crown teeth, i.e., brachydont, to ever-growing teeth, i.e.,
hypselodont. We use fossil and recent data from the literature
to determine a relative measure of the convergent appearances
of hypsodonty and hypselodonty over geological times. We will
see how the convergent evolution of high-crown teeth across
placental mammals can be explained by developmental mecha-
nisms that tinker with the main pathways of tooth development
related with the maintenance of stem cell niches. We hypothe-
size whether the functionality of ever-growing teeth could have
some consequences on the maintenance of the stem cell niche,
or whether other developmental mechanisms could constrain the
evolution of hypsodonty. The tooth renewal mechanism, which
we will see, evolved several times in mammals, can be of great
interest for tooth bioengineering in humans, as they both require
the differentiation of stem cells during tooth development.
DIVERSITY AND EVOLUTION OF HYPSODONT AND
HYPSELODONT TEETH IN MAMMALS
Hypsodonty and hypselodonty are tooth types that evolved
convergently through mammal evolution (Figures 1A, 2). This
confirms the observations of convergent evolution of hypsodonty
in mammalian orders solely with molars (Janis and Fortelius,
1988; Jardine et al., 2012). Even if most of the recent mammals
retained the ancestral brachydonty (Figure 1A), both marsu-
pial and placental mammals have developed hypsodont teeth,
in all tooth types—incisors, canines, premolars, and molars
(Figures 1A, 2). However, more placental orders have developed
hypselodont teeth than marsupials (Figure 1A). Only one fam-
ily in the marsupial order Diprotodontia, the Vombatidae, is
known to show hypselodont teeth (Figure 1A; Table S1), while
eight orders of placental have, at least, one tooth type which is
hypselodont. In recent mammalian families, the incisor is more
commonly hypselodont (24%) in comparison with the canines
and the cheek teeth (premolars and molars). However, the incisor
stays in majority brachydont (45%) (Figure 2B; Table S1). The
canine is the tooth that shows the highest percentage of hyp-
sodonty (24%), but half of the mammalian families have lost
the canine during evolution (54%) (Figure 2B; Table S1). Cheek
teeth are still in majority brachydont, but 18% of all the families
show hypsodonty. Slightly more molars are hypselodont than
premolars (Figure 2B; Table S1). While two orders of mammals
have almost totally lost their teeth, the Monotremata (e.g., platy-
ous) and the Pholidota (e.g., pangolin), the orders that show
the highest diversity of tooth types are the Diprotodontia, the
Artiodactyla, the Cetacea and the Rodentia (Figure 1). These last
orders are highly diversified in terms of number of families as
well (Table S1). However, that may not be the only explana-
tion as the Chiroptera do not show a huge diversity of tooth
types, only brachydonty and hypsodonty with no tooth loss,
while this order is highly diversified. Only the order Cetacea has
keratinous plates instead of teeth, e.g., the pigmy right whale
(Caperea marginata) and in the order Sirenia, the Steller’s see
cow (Hydrodamalis gigas) have keratinous rostral pad in the front
jaw (Figure 1; Table S1). One of the most intriguing specimens
is the monotreme duck-billed platypus (Ornithorhyncus anati-
nus) which shows only molars made out of keratin while the
juveniles have genuine brachydont molars covered by enamel
(Ungar, 2010). Juveniles retained the ancestral state of enamel-
covered brachydont molars (Musser and Archer, 1998; Grant,
2007) (Table S2).
To observe the evolution of hypsodonty in placental mam-
mals, we assigned the different tooth types to all the extinct and
recent mammals included in the most recent phylogenetic study
from O’Leary et al. (2013). This study is invaluable as the phy-
logeny at the lineage level, from fossil to recent species, allows us
to follow the evolution of hypsodonty precisely. Even if the phy-
logeny of O’Leary et al. (2013) does not cover all the diversity
of mammals, especially the marsupial mammals, we managed to
confirm that hypsodonty and hypselodonty are convergent phe-
notypes that appeared at different time periods during evolution
(Figure 2; Table S3; Figure S1).
During evolution, all the tooth categories have the tendency
to become less and less brachydont (Figure S1), but it is still
the majority in all teeth of placental mammals (Figure 1B). The
incisors started to become either hypsodont, either hypselodont
during the mammalian radiation at the beginning of the
Cretaceous (Figure 2; Table S2). The increase of hypselodonty in
incisors at the beginning of the Paleocene (c.a. 64Ma) and dur-
ing the Eocene correspond mainly to the Rodent radiation, while
the increase of hypsodont incisor during the Eocene–Oligocene
may be more related with elephant fossil relatives (Moeritherium
lyonsi, Delmer et al., 2006 and Barytherium grave, Delmer, 2009;
Table S2). The sample size of the Oligocene and the Miocene
species are unfortunately too low in the dataset from O’Leary
et al. (2013) to draw evolutionary interpretations (Table S3; aster-
isks in Figure S1). However, we can clearly observe that canines
became drastically less brachydont during the Cretaceous, the
Paleocene and the Eocene and have been replaced by hypsodont
canines (Figure 1B; Table S3; Figure S1). Most of the hypsodont
canines are present in the orders Carnivora and Chiroptera and
their ancestors, but some Artiodactyla have hypsodont canines as
well (Tables S1, S2). What characterizes the evolution of canines
is the increasing number of mammal species that lost their canine
during evolution (Figures 1A,B; Figure S1). These species are
mostly plant eaters like the Anthracotheriidae, the Bovidae, the
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Equidae, the Rodentia and Lagomorpha, including their ancestors
(Figure 2; Table S2). It does not mean that carnivores didn’t
lose any teeth during evolution, and actually they did, especially
first premolars and distal molars, but we cannot see it from
this dataset because we are separating tooth categories, and the
canine is the only tooth in its category. So, when the canine
disappears, it becomes very drastic in this dataset. Hypselodont
canines appeared more recently during mammalian evolution;
a few modern mammals display hypselodont canines, such as
the wild boar (Sus scrofa) and the hippopotamus (Hippopotamus
amphibius) (Figure 1B; Table S2). Premolars and molars evolved
hypsodonty and hypseldoonty almost at the same time during
the Eocene, but most of the teeth stayed brachydont (Figure S1).
Nevertheless, hypsodont and hypselodont premolars and molars
appearedmuch later in evolution in comparison with incisors and
canines (Figure S1).
According to the dataset of O’Leary et al. (2013), there are
no reversals observed (i.e., (Dollo, 1893): “An organism cannot
return, even partially, to a previous state already realized in its
ancestral series”). It means that when the hypselodonty is estab-
lished in one lineage, it might never return back to a hypsodont
tooth. The same seems to be true from hypsodonty to brachy-
donty. However, this dataset is not complete enough to represent
all themammals tooth evolution, and itmay be possible that other
lineages showed reversion of tooth type, even if this evolutionary
mechanism is rare.
EPITHELIAL STEM CELLS IN HYPSELODONT TEETH
DENTAL STEM CELL LOCATION
While hypselodonty appeared several times during mammalian
evolution, continuously renewing teeth are mainly studied in
rodents, and more precisely in mouse and rat, due to their preva-
lence in laboratories as animal models. What we will describe here
resulted from studies on the incisor of murines.
Similar to other renewing organs, such as intestine (Snippert
et al., 2010), the homeostasis of the murine incisor is maintained
by stem cells localized at the base of the tooth in a structure called
cervical loop (CL) (Harada et al., 1999). Their role is to renew
the tip of the tooth that is lost by attrition. Although the study
of incisor stem cells is a relatively new field, significant advances
have been made in the identification of these cells, the under-
standing of their functions, and the characterization of molecular
mechanisms regulating their dynamics.
Tooth renewal capacity relies on epithelial and mesenchymal
stem cells that give rise to the different cell lineages of the tooth.
While dental mesenchymal stem cells differentiate into dental
pulp cells and odontoblasts, secreting dentine, dental epithelial
stem cell differentiation gives rise to several cell type, among them
are the ameloblasts, producing enamel. The murine incisor dis-
plays on its labial side a layer of enamel. Therefore, this side is
called crown-analog, as opposed to the lingual side, enamel-free
and covered with dentine, hence called root-analog.
In vitro culture experiments demonstrated that the cells
fueling the continuous growth of the rodent incisor were housed
in the two cervical loops (CLs) located at the base of the tooth
(Harada et al., 1999). Therefore, while the lingual CL renews
the root analog of the incisor, the labial CL renews the crown
analog (Figures 3, 4). The stem cells in the labial CL give rise
to progenitor cells that undergo several rounds of cell division
before differentiating into ameloblasts (Figure 4; Thesleff and
Tummers, 2008). After reaching the enamel epithelium, the
epithelial cells are no longer actively migrating, but are pushed,
or displaced, toward more differentiated areas in a mechanism
similar to a conveyor belt. The lingual CL is logically thought
to house the stem cells that are required for renewal of the root
analog surface of the incisor. However, this structure has been less
studied than the labial CL, and thus requires further examination
to determine its function.
While label-retaining approaches allowed the identification
of slow dividing cells in the adult mouse labial CL (Harada
et al., 1999; Seidel et al., 2010), only lineage-tracing experi-
ments brought knowledge on specific SC population dynamics
and organ renewal. For instance, the lineage tracing of the Gli1+
cell population demonstrated the involvement of these cells in the
long-term renewal of the incisor epithelial compartments (Seidel
et al., 2010). More recently, two other cell populations localized
in the labial CL were shown to participate in incisor renewal
via genetic fate mapping, namely Sox2+ and Bmi1+ cells (Juuri
et al., 2012; Biehs et al., 2013). Interestingly, the Sox2+ cells,
Bmi1+ cells and Gli1+ cell populations (Figure 4) might not
completely overlap and seem to have different dynamics during
tooth homeostasis, reflecting a possible hierarchy of stem cells in
the hypselodont tooth renewing.
Besides the lineage tracing experiments, some factors are
known to be expressed by cells located in the Sox2+ and/or
Bmi1+ area (Figure 4), such as Lgr5 (Suomalainen and Thesleff,
2010), Yap, ABCG2, and Oct-3/4 (Li et al., 2011).
While the recent genetic fate mapping experiments are giv-
ing definite answers regarding the identity of the incisor SCs, the
molecular cues regulating SCmaintenance and tooth homeostasis
was under close scrutiny for several decades already.
MOLECULAR REGULATION OF STEM CELL MAINTENANCE
Over the past 35 years, the roles of the principal morphogenetic
signaling pathways in tooth development have been studied, lead-
ing to a deep understanding of the functions of these pathways
(Thesleff et al., 1979). Interestingly, the pathways involved in
ectodermal organ morphogenesis are also involved in stem cell
regulation for organ renewal. Discoveries of numerous actors
of conserved signaling pathways have strengthened our under-
standing of the genetic networks regulating tooth formation and
renewal (Tummers and Thesleff, 2009).
While most of the conserved morphogenetic pathways, such as
Notch, Bmp, Wnt and Shh, were shown to play a role in incisor
morphogenesis and homeostasis, the conserved and well-known
Fgf pathway became particularly interesting in regards to stem
cell maintenance and differentiation (Harada et al., 1999, 2002;
Parsa et al., 2010). More specifically, Fgf3 and Fgf10 are expressed
in the mesenchymal cells surrounding the labial CL (Figure 4),
whereas Fgfr1b and Fgfr2b are enriched in the stem cell niche.
The use of genetically modified animals helped to elucidate the
mechanism of Fgf pathway involvement in the stem cell niche.
While the incisors of Fgf3 null newborn mice are normal in com-
parison with wild-type mice, double mutation of Fgfs (Fgf3−/−;
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FIGURE 3 | Tooth development of molars and incisors in rodents from
brachydont to hypselodont teeth. The initation stage of tooth development
starts with the formation of the dental lamina. The epithelium signal attracts
the underlying mesenchymal cells that condense into a placode. The
responsive epithelial cells start to introvert into the mesenchyme forming the
bud stage. The formation of the first enamel knot starts the cap stage.
Multicuspid molars, or premolars, will differentiate into the secondary enamel
knot from the first enamel knot, while the unicuspid incisor grows
antero-posteriorly from the labial and lingual CLs (liCL and laCL) at the bell
stage. During the differentiation stage, epithelium-derived ameloblasts and
mesenchymal-derived odontoblasts will secrete a cell matrix that will form
the enamel and the dentin tissues respectively of the tooth crown. At early
eruption, in the brachydont molars, the CLs close and differentiate in the
HERS cells that start to form the roots and will continue to grow during the
life span of the animal. The activity of the CLs forming the crown of
hypsodont molars, will stop much later in development and this timing is
different depending on the mammal species. Hypselodont molars and
incisors will never form proper roots, but will form an asymmetry between a
root analog and a crown analog. Modified from Tummers and Thesleff (2003);
Jernvall and Thesleff (2012).
Fgf10+/−) display incisors with drastic hypoplasy in the labial
CL, reflecting the importance of Fgf signaling in the maintenance
of the incisor stem cells (Wang et al., 2007). A similar pheno-
type was obtained upon reducing Fgf receptor function, using a
tetracycline-inducible FGFR2b dominant negative system (Parsa
et al., 2010).
Moreover, modifying factors interacting directly with the Fgf
pathway have shown drastic phenotypic modifications of the
incisor CLs size and stem cell maintenance. The sprouty genes,
targets and negative regulators of Fgf signaling, are expressed
in and around both labial and lingual CLs. Due to the loss of
sprouty function, the lingual CL was enlarged and morphologi-
cally similar to the labial CL. Even ameloblasts differentiated on
the root-analog side of the incisor (Klein et al., 2008). While
ectopic expression of Follistatin led to reduced mesenchymal Fgf3
expression and a severely hypoplastic labial CL. Conversely, the
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FIGURE 4 | The mouse incisor stem cell niche. The lower incisor is shown
in sagittal view in the jaw. The proximal structure is composed of the lingual
(liCL) and labial (laCL) cervical loops, housing the stem cell populations. In
the laCL (close-up), the stem cells (SCs) are next to the stellate reticulum
(SR) cells. When the SCs divide and differentiate, they exit the niche to be
integrated in the enamel epithelium and form pre-ameloblasts (pre-am).
Around the epithelial niche a mesenchymal condensate (mes. cond.)
contains mesenchymal stem cells that will give rise to the dental pulp and
the pre-odontoblasts (pre-od). The mesenchymal expression of FGF3 and
FGF10 is important for the SC maintenance. While the SR cells express
Notch1, the SCs express FGF8, Bmi1, Gli1 and Sox2. Gli1 expression is part
of a feedback loop induced by the Shh expression by the SC early progeny.
epithelial loss of Follistatin expression induced up-regulation of
Fgf3 expression in the mesenchyme adjacent to the lingual CL,
causing, similarly to sprouty inhibition, an expansion of the lin-
gual CL and a differentiation of ameloblasts on the lingual side
(Wang et al., 2007). Inactivation of the Alk5/Tgfbr1 receptor in
the mesenchyme led to down-regulation of Fgf3, Fgf9, Fgf10
and reduced the size of the labial CL, likely due to cell pro-
liferation defects (Zhao et al., 2011). Interestingly, Fgf8 activity
was shown to induce Sox2 expression and therefore playing a
direct role on stem cells (Figure 4; Juuri et al., 2012). Several
lines of evidence indicate that Fgf signaling is involved in the
maintenance of the incisor stem cell number and therefore,
to maintain the asymmetric production of ameloblasts on the
labial side through a smaller subset of cells within the labial CL
(Figure 4).
While Fgf signaling is undoubtedly important for incisor
stem cell maintenance, Wnt signaling seems to require inhibition
rather than activation during incisor renewal. While this pathway
is active during tooth morphogenesis (Suomalainen and Thesleff,
2010), severalWnt inhibitors are expressed in the labial CL and no
Wnt activity was detected in the stem cell niche (Figure 4; Juuri
et al., 2012). Moreover, the over expression ofWnt3 in the dental
epithelium led to a progressive loss of ameloblast differentiation
during incisor renewal (Millar et al., 2003).
Like other renewing organs, stem cell differentiation in the
hypselodont tooth is controlled by factors expressed within the
stem cell niche and by exogenous factors. In order to main-
tain tissue homeostasis, the stem cell progeny should replace
the cells lost to wear and tear. The Hedgehog signaling path-
way was recently shown to be involved in the feedback signals
from the differentiated cells to the stem cells. Shh, expressed by
the progeny of differentiating cells, signals back to the progenitor
stem cells through a positive feedback loop in order to produce
more progeny (Figure 4; Seidel et al., 2010). Interestingly, another
Hh-responsive cell population is located in the mesenchyme, and
is constantly producing new odontoblasts producing dentine.
CROWN-TO-ROOT TRANSITION: LOSS OF STEM CELL MAINTENANCE
To build and maintain a tooth, a balance must be struck between
supplying cells to the crown which functions in eating, or to the
root that is critical to holding the tooth in place. This balance
is known as the crown-to-root transition and the variation that
exists is exhibited by the level of hypsodonty from brachydont
teeth to hypselodont teeth. While, from the evolutionary perspec-
tive, hypsodonty and hypselodonty results from a retardation, or
absence, of root formation during ontogeny, from the develop-
mental perspective, hypsodonty resembles an exhaustion of stem
cells leading to a late crown-to-root transition in rooted teeth.
This transition is characterized by the loss of stellate reticulum
cells in the CLs, marking the end of the crownmorphogenesis that
leads to the formation of the roots (Tummers and Thesleff, 2008).
At the time of the crown-to-root transition in the murine
molar, the loss of epithelial Notch and mesenchymal Fgf sig-
nals were reported, whereas vole molars continue to express
these key signaling components and bypass root fate (Tummers
and Thesleff, 2003). This observation was confirmed when the
in vitro modulation of Fgf signaling was achieved via up-/down-
regulation of FGF10, leading to the continuous growth of the
murine molar crown (Harada et al., 2002; Yokohama-Tamaki
et al., 2008). Regulation of the crown-to-root transition is also
achieved during murine incisor morphogenesis. For instance, the
progressive loss of the stellate reticulum cells in the lingual CL
is necessary for the formation of the root analog. The analy-
sis of murine mutants, exhibiting either 2-sided crown analogs
or 2-sided root analogs, provides clues regarding the mecha-
nisms of crown-to-root transition. Several murine mutants are
known to develop such defects in incisor asymmetry, including
Fst and Sprouty nulls (Wang et al., 2004; Klein et al., 2008), as
well as Krt14-driven overexpression of Fst and Eda (Mustonen
et al., 2003). Although correlative, these studies suggest that
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molecular cues govern stem cell maintenance, which differentiate
brachydont, hypsodont and hypselodont teeth.
DISCUSSION
TINKERING WITH THE STEM CELL NICHE AND DIVERSITY OF
HYPSELODONT TEETH
The evolution of tooth hypsodonty and hypselodonty, do not
necessarily require the creation of new genes or new genetic
pathways (Keränen et al., 1998; Tummers and Thesleff, 2009).
Pathways in tooth development are generally evolutionary well
conserved across vertebrates (Jernvall and Thesleff, 2012). For
instance, the same signaling pathways are required in brachy-
dont, hypsodont or hypselodont tooth development (Tummers
and Thesleff, 2003). The biologist Jacob (1977) first exposed the
concept of “tinkering” with development, saying that develop-
ment takes what already exists to generate different forms by
re-organizing the network connections (Jacob, 1977 in Laubichler
and Maienschein, 2007). Experimentally, tinkering with the regu-
lation of genes involved in murine incisor stem cell regulation can
transform the ever-growing incisor, displaying an enamel-dentin
asymmetry, into a double sided-enamel or enamel-free tooth (see
the Section Molecular Regulation of Stem Cell Maintenance).
These various phenotypesmimic hypselodont teeth that appeared
during evolution, such as the thick single-sided enamel incisor
of the aye-aye (Daubentonia madagascariensis), the double-sided
enamel canines of the Korean musk deer (Moschus moschiferus)
or the wild boar (Sus scrofa), the enamel-dentine asymmetry
of all the Glires incisors and the enamel-free incisor of the
Elephantidae. Basically tinkering with stem cell regulation would
generate all the uniscupid hypsodont phenotypes described by
Koenigswald (2011): (1) the “enamel-band hypsodonty” where
the enamel is mostly, if not totally, covering the tooth, (2) the
“unicuspid hypsodonty” where the teeth are growing “freely”
without wearing by occlusion and (3) the “dentine hypsodonty”
where the dentine is mostly, if not totally, covering the ever-
growing tooth. For Koenigswald, these categories of hypsodont
teeth are dependent on the expansion of one tissue growth
over another tissue during ontogenetic phases (see Introduction).
However, we know from the developmental studies (see Section
Epithelial Stem Cells in Hypselodont Teeth) that the formation
of enamel and dentine are always synchronous during develop-
ment. It is more the size of the CLs, the nature, the number, the
maintenance and the spatial regulation of the stem cells within
the CLs that will determine the nature of the tissues that will
be secreted (odontoblasts and/or ameloblasts) during ontoge-
netic stages. The heterochrony of the ontogenetic stages defined
by Koenigswald, might have a great importance in defining the
crown-to-root transition during tooth development, but it seems
not to be the main mechanism defining the nature of the tissues
that will characterize the diversity of hypsodont and hypselodont
teeth.
We are lacking experiments on embryonic premolars and
molars to define if tinkering with stem cell regulation in CL
would generate the “multicuspid hypsodonty” or the “sidewall
hypsodonty” (i.e., multicuspid hypsodont teeth, enamel-covered
with or without dental tracts) defined by Koenigswald (2011).
However, it is doubtful that solely the wearing of the teeth, and/or
the time changing of the tissues growth during ontogeny would
be responsible for the spatial distribution of enamel and dentine
along hypsodont and hypselodont teeth.
Hypselodont teeth evolved at different time during
mammalian evolution and in different species. This convergent
evolution of the hypselodont teeth cannot explain whether the
size of the stem cell niche evolved toward a reduction, and then an
enamel-free tooth or from an enamel-free tooth to a double-sided
enamel tooth, through an intermediate asymmetric enamel-
dentine tooth. No real evolutionary tendencies can be found
here, but rather an exploration of every possible kind of tooth,
tinkering with the stem cell niche during ontogeny and evolution.
IS THE EVOLUTION OF HYPSELODONTY ONLY DEPENDENT ON THE
CAPACITY TO MAINTAIN THE STEM CELL NICHE DURING ONTOGENY?
During tooth evolution, the transition from a brachydont to a
hypsodont tooth is thought to have led to the formation of the
hypselodont tooth. Hypsodonty results from an extended crown
growth period fueled by a transitory maintenance of stem cells
located at the base of the crown. This results in a higher crown
compared to the brachydont teeth. A life-long persistence of
the stem cells was suggested as the cause for the appearance of
hypselodont teeth (Tummers and Thesleff, 2003).
Hypsodonty is therefore the best example of the essential role
of heterochrony in ontogeny. The timing of crown-to-root transi-
tion during development, which is associated with the depletion
of the stem cells in the CL, varies greatly between species and
determines the degree, or level, of hypsodonty, during evolution
(Fortelius and Solounias, 2000). The paleontologist Stephen J.
Gould has first defined the concept of “heterochrony in ontogeny”
when he said, “If development stages are retarded or accelerated
while size and shape remain in their ancestral relationship, we
observe heterochrony in evolution” (Gould, 1977). He used this
concept to define themechanisms that lead to evolutionary trajec-
tories in animal morphologies. We have seen with the hypsodonty
example, that the heterochrony in ontogeny, is more related with
the capacity of the dental epithelium to differentiate into enamel-
producing ameloblasts during crown development. Therefore,
the heterochrony is a good mechanism to differentiate tooth
types between brachydont, hypsodont and hypselodont but not
to categorize teeth based on their tissue types (enamel, dentine,
cement) as suggested by Koenigswald (2011). The key mech-
anism is then to understand what regulates the timing of the
crown-to-root transition. The developmental mechanism main-
taining hypselodonty is another interesting question, i.e., what
happens when a hypsodont tooth acquires the capacity to grow
continuously. Thus, the developmental timing of the crown-
root transition represents a key feature in the understanding of
the heterochronic evolution of hypsodonty and hypselodonty in
mammals.
According to Janis and Fortelius (1988), “it is evident that in
a [. . . ] tooth the transmission of occlusal stress from tooth to bone
will pass through the base of the root or, in the case of continu-
ously growing teeth, through the area of secretion.” The area of
secretion would correspond here to what we know now as the
stem cell niche. We hypothesize that the physical forces of occlu-
sion, dependent on the animal diet, its volume, soil grit and/or
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tooth attrition, might have a mechanical effect on the tooth,
and in turn, affects the stem cell niche, through a feedback loop
pathway like Shh, that may delay the crown-to-root transition
during ontogeny. This hypothesis assumes that there are crown
height variations within and between individuals and possible
reversions during evolution, and it assumes as well that an occlu-
sion between teeth is necessary to maintain the crown growth
in hypsodont and hypselodont teeth. However, we didn’t observe
any reversions in our dataset, the crown height variations within
individuals are hard to observe, in large mammals for instance,
and ever-growing teeth can be maintained without any occlusion
(i.e., Elephant tusks). In addition, if we consider the strong her-
itability of the degree of hypsodonty in large mammals, shown
by Raia et al. (2011), then this assumption is false. Nevertheless,
the observation of a high variation in the crown height within
the large and small mammals populations at the beginning of the
adaptive radiation, then a decrease of this variation during evolu-
tion, might favor this hypothesis. In fact, an external factor that
would impact on the delay of maintenance of the stem cell niche
can be a variable trait at the beginning of the mammalian radia-
tion, which we observed from the Figure 2, and then it becomes
more stable within lineages and becomes a heritable trait inde-
pendently in different orders (Figure 1), without reversions. The
developmental plasticity of the crown height at the population
level might have favored the evolution of hypsodonty, and then
hypselodonty within mammalian lineages (Moczeck et al., 2011).
That could explain why hypsodonty and hypselodonty are pheno-
types that can appear in different mammalian clades, at different
time of the mammalian radiation.
So far, none of these difference in hypsodont variability have
been observed at the level of mammalian populations, but the
potential relationship between the stemness capacity, the level
of hypsodonty and the environmental cues that stimulate cell
division and differentiation might resolve the mechanisms that
correlate the convergence of hypsodonty in teeth in the fossil
records.
Hypselodonty in molars is quite rare in large mammals. For
instance, the rhinocerotidae Elasmotherium, from the Miocene
(Antoine, 2003), and some species of Xenarthra (Jardine et al.,
2012) shows ever-growing molars and/or premolars. Most of the
herbivorous mammals have hypsodont premolars and molars at
different degree of crown height, but mainly remaining a root
formation even at late stages of the animal ontogeny. Janis and
Fortelius (1988) explained the paucity of hypselodont large mam-
mals in comparison with hypselodont small mammals, by a devel-
opmental constraint in the enamel formation. For these authors,
the ungulates molars present enamel pits within the crown (iso-
lated fossae) that may be present before the tooth eruption, which
would prevent the tooth to become hypselodont without a sub-
stantial reorganization of the structure of ameloblasts-secreting
epithelial cells. In small mammals, an equivalent structure could
be the “enamel islet,” which is found in the fossilMimomys lineage
for instance, in the recent cricetids Neotomodon and Neotoma,
which has hypsodont teeth (Hillson, 2005). This enamel islet has
been lost in the evolution for most of the Arvicolines (Chaline
et al., 1999), and most of them developed hypselodont molars.
The genus Myodes, however, still have hypsodont molars, but
without enamel islet. Therefore, the crown-to-root transition in
small and large mammals could be due to physical properties of
the secreted tissues and a spatial reorganization of the stem cells
secreting ameloblasts in the CLs during tooth ontogeny, and not
only a time-changing of the stem cell maintenance.
HYPSODONTY AND ENVIRONMENT: LAMARCKISM, DARWINISM,
BOTH?
“[. . . ], the teeth of some of the animals have one function only, to
break up the food. Of those animals whose teeth serve also as a
defense and as weapons, some (like Swine) have tusks, some have
sharp interlocking teeth, and are called “saw-toothed” as a result.
[. . . ]. These teeth are used in self-defense by biting; tusks by strick-
ing. This explains why sows bite: they have no teeth.” Aristotle (-384,
-322) (Translated by Peck and Foster, 1983; P. 211).
Hypsodont canines evolved mostly into weapon function to
grab preys in carnivore predators (Van Valkenburgh, 2007), but
as well in sexual dimorphism by the sexual selection of canines
in primates for instance (Plavcan, 2012). Hypselodont canines,
and/or incisors without occlusion, i.e., “free growth” accord-
ing to Koenigswald (2011), would more correspond to defense
function, like the ever-growing canines of the walrus (Odobenus
rosmarus), or the babiroussa (Babyrousa babyrussa) and the ele-
phant (Loxodonta and Elephas) incisors. However, it seems that
the evolution of these phenotypes would be more related with the
available preys and the behavior than direct environmental cues.
Scrutinizing the diet evolution of hypsodont molars in her-
bivorous large mammals during climate change has shown that
hypsodonty might allow an enlargement of the dietary range
within herbivores, than a restriction to abrasive grasses (Feranec,
2003; Kaiser, 2003; Mihlbachler et al., 2011). Therefore, the
development of hypsodonty in large mammals, and especially
in ungulates, might have favored the populations to spread out
in open landscape while the Miocene climate changed toward
drier conditions, than local adaptation to changing vegetation
(Fortelius et al., 2014). It seems likely that high-crown teeth would
be adapted for abrasive diet, but it rather allow the animals to get
a broader range of food that might have enabled them to colonize
more niches during the Neogene (Fortelius et al., 2014).
In the same way as large mammals, hypsodonty and
hypselodonty has often been described in herbivorous small
mammal as an innovation in the context of important environ-
mental changes (Chaline et al., 1999; Vianey-Liaud and Michaux,
2003; Perez and Vucetich, 2011). However, the mechanisms that
favored the evolution of incisors first and then molars toward
hypselodonty in rodent lineages are not known. Ever-growing
incisors are known for gnawing mostly, but can serve as defense
weapons, as observed by Aristotle already. For Arvicolines, the
dispersion dynamic was dependent on major climatic events
(Tougard et al., 2008; Renvoisé et al., 2012) even if we can hypoth-
esize that small mammal population spread out less than large
mammals, and then they needed to adapt more to local changing
environment than large mammals. Hypsodont and hypselodont
molars are frequent in fossorial rodents as described in the evo-
lution of the rodent lineages of American Great Plains at the
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Oligocene-Miocene transition (Jardine et al., 2012). Becoming
semi-fossorial, fossorial, or even subterranean, could be one
strategy for some small mammals to protect from predators in
open environments (Ebensperger and Blumstein, 2006). These
small mammals usually show chisel hypselodont incisors spe-
cific for digging in different soil textures (Becerra et al., 2014).
Therefore, dust and grit ingestion for fossorial mammals could
have an effect on the appearance, on the selection, and/or on
the development of hypsodonty in small mammal lineages with-
out strong relationship with the animal diet, but rather with
the long-lasting properties of the tooth to compensate from
wearing. Additionally, hypsodont molars in herbivorous small
mammals could favor, as in large mammals, a broaden diet range.
In small mammals, like the herbivorous voles with hypselodont
molar, theMicrotus genus, have a larger food range and are more
opportunistic for their diet thanMyodes orMyopus genera (Rinke,
1991).
This counterintuitive observation in large and small mammals
is explained by the theoretical scenario known as the Liem’s para-
dox (Fortelius et al., 2014). As hypothesized by Karel Liem (1980)
in Cichlid fishes, “In functional and constructional morphology,
adaptation should be considered not as the response of a trait to
external conditions but as its response to the total ensemble of the
external environment.” In other words, it would mean that a spe-
cific morphological trait, within an animal population, may not
be “adapted” to specific environments, but is rather useful in a
broader range of environments. Animals often avoid the foods
to which they are morpho-functionally adapted (Robinson and
Wilson, 1998).
As we discussed earlier, it seems that during tooth evolution
brachydonty, hypsodonty, and hypselodonty were tried for all
tooth types. However, it is difficult to know if the modulations
of the duration of stem cell maintenance have been positively
selected because of a constrain change from animal environment,
or if the change in the animal environment led to a modification
of the stem cell maintenance. In the first case a Darwinian inher-
itance would favor the most fitted, while in the second case we
would assume that a Lamarckian inheritance would lead to the
appearance of new features.
Evolutionary biologists have the tendency to favor Darwinian
inheritance, however more and more data are suggesting that a
Lamarckian inheritance occurs in several contexts. In their recent
work, Pisco et al. (2013) demonstrated that on the cellular level, a
leukemic cell can acquire a drug resistance by Lamarckian induc-
tion. In another example, Dias and Ressler (2014) gave evidence
of a parental olfactory experience that can influence the subse-
quent generations. In this case, the modifications of the olfactory
receptors are already observed in the first generation (F1). These
results are of interest for tooth evolution. While environment has
been seen as a tool shaping tooth evolution by the Darwinian
selection of individuals able to subsist on a broader diet, maybe
the climate change led to a rapid modification of tooth phenotype
because of parental experiences.
According to Harada et al. (1999), stem cells respond to
environmental cues that stimulate cell division and their cell
progeny. Likewise, Tummers and Thesleff (2009) concluded that
“the stemness of epithelial cells does not seem to be determined
intrinsically, but is regulated by the environment as is also shown by
the tinkering of the stem cell niche properties in the incisor.” These
authors talked about local environment during development,
such as the surrounding mesenchymal cells and signals. However,
could epigenetic factors, environmental factors, or other external
factors play a role in changing the fate of the stem cells? This key
evolutionary and developmental question is yet to be understood.
CONCLUSION
Understanding the switch from brachydont to ever-growing tooth
might remain challenging as the steps and molecular modifi-
cations leading to the selection of specific features can only
be hypothesized. However, the appearance and maintenance of
dental stem cells offers an interesting model to study how den-
tal cells can differentiate. This is the first step to achieve the
formation of a tooth in vitro. However, much work remains
to be done to achieve potential applications in regenerative
medicine.
Before developing such protocols, some more basic questions
should be answered first. For instance, the homing and segrega-
tion of the dental stem cells remains so far unknown. This process
surely involves a complex molecular network missing in brachy-
dont teeth. The genomic evolution of the factors involved in the
dental stem cell homing might give new hints on the evolution-
ary process that has lead to the hypselodont tooth appearance.
Interestingly, the true nature of the dental epithelial stem cells is
still not known. Moreover, several stem cell populations co-exist
in the CL. Therefore, more studies should focus on the dental
stem cell dynamics before using them in vitro.
When these remaining questions will be answered, the devel-
opment of bioengineered teeth will get easier. Two approaches are
favored regarding the development of a biological tooth implant
applicable in regenerative medicine: (1) growing a complete new
tooth inside the jaw or (2) culturing the proper cell populations
on a scaffold. While both approaches seem to be perfectly valid
and already tested in animals (for review see Otsu et al., 2014),
the main issue remains the source of cells to be used.
The first approach requires epithelial and mesenchymal cell
populations with dental identity that are able to interact with
each other in order to recapitulate the steps of tooth formation.
The second approach requires progenitor cells able to colonize
the scaffold and give rise to the various cell compartments of
the tooth. Therefore, finding the role of each naïve cell popu-
lation involved in odontogenesis and the manner in which cells
differentiate is crucial to building a biological tooth implant.
The remaining challenges, together with the increasing num-
ber of tools available, make this an interesting time to study the
Evo-Devo of tooth types and dental stem cells.
ACKNOWLEDGMENTS
We are grateful to Jussi Eronen (Department of Geosciences and
Geography, University of Helsinki) for helpful discussions and
commenting the writing. We are thankful to Leah Biggs (Institute
of Biotechnology, University of Helsinki) for her useful comments
on the scientific and English writing of the manuscript. We are
thankful to Mikael Fortelius (Department of Geosciences and
Geography, University of Helsinki) for useful discussions.
Frontiers in Physiology | Craniofacial Biology August 2014 | Volume 5 | Article 324 | 10
Renvoisé and Michon Hypselodont tooth and stem cell niche
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: http://www.frontiersin.org/journal/10.3389/fphys.
2014.00324/abstract
REFERENCES
Antoine, P.-O. (2003). Middle Miocene elasmotheriine Rhinocerotidae from China
andMongolia: taxonomic revision and phylogenetic relationships. Zool. Scr. 32,
95–118. doi: 10.1046/j.1463-6409.2003.00106.x
Aristotle, (384-322 B. C.). (1983). “XII: parts of animals, movement of animals,
progression of animals,” in Aristotle in Twenty-Three Volumes, (Transl. A. L. Peck
and E. S. Foster), ed W. Heineman (Cambridge, MA: Harvard University Press,
Loeb Classical Library), 221.
Arthur, W. (2002). The emerging conceptual framework of evolutioary develop-
mental biology. Nature 415, 757–764. doi: 10.1038/415757a
Becerra, F., Echeverría, A. I., Casinos, A., and Vassallo, A. I. (2014). Another one
bites the dust: bite force and ecology in three caviomorph rodents (Rodentia,
Hystricognathi). J. Exp. Zool. 321A, 220–232. doi: 10.1002/jez.1853
Biehs, B., Hu, J. K., Strauli, N. B., Sangiorgi, E., Jung, H., Heber, R. P., et al. (2013).
BMI1 represses Ink4a/Arf and Hox genes to regulate stem cells in the rodent
incisor. Nat. Cell. Biol. 15, 846–852. doi: 10.1038/ncb2766
Chaline, J., Brunet-lecomte, P., Montuire, S., and Viriot, L. (1999). Anatomy of the
arvicoline radiation (Rodentia): palaeogeographical, palaeoecological history
and evolutionary data. Ann. Zool. Fennici. 36, 239–267.
Churchill, F. B. (2007). “Living with the biogenetic law,” in From Embryology to
Evo-Devo: A History of Developmental Evolution, eds M. D. Laubichler and J.
Maienschein (Cambridge, MA: MIT Press), 37–81.
Delmer, C. (2009). Reassessment of the generic attribution of Numidotherium sav-
agei and the homologies of the lower incisors in Proboscideans. Acta. Paleontol.
Pol. 54, 561–580. doi: 10.4202/app.2007.0036
Delmer, C., Mahboubi, M., Tabuce, R., and Tassy, P. (2006). A new species of
Moeritherium (Proboscidea, Mammalia) from the Eocene of Algeria: new per-
spectives on the ancestral morphotype of the Genus. Paleontology 49, 421–434.
doi: 10.1111/j.1475-4983.2006.00548.x
Dias, B. G., and Ressler, K. J. (2014). Parental olfactory experience influences behav-
ior and neural structure in subsequent generations. Nat. Neurosci. 17, 89–96.
doi: 10.1038/nn.3594
Dollo, L. (1893). Les lois de l’évolution. Bull. Soc. Belge. Géol. Pal. Hydro. 7,
164–166.
Ebensperger, L. A., and Blumstein, D. T. (2006). Sociability in new world hys-
tricognath rodents is linked to predators and burrow digging. Behav. Ecol. 17,
410–418. doi: 10.1093/beheco/arj048
Feranec, R. S. (2003). Stable isotopes, hypsodonty, and the paleodiet of
Hemiauchenia (Mammalia: Camelidae): amorphological specialization creating
ecological generalization. Paleobiology 29, 230–242. doi: 10.1666/0094-8373
Fortelius, M., Eronen, J. T., Kaya, F., Tang, H., Raia, P., and Puolamäki, K. (2014).
Evolution of Neogene mammals in Eurasia: environmental forcing and biotic
interactions. Annu. Rev. Earth Planet Sci. 42, 579–604. doi: 10.1146/annurev-
earth-050212-124030
Fortelius, M., and Solounias, N. (2000). Functional characterization of ungu-
lates molars using abrasion-attrition wear gradient: a new method for
reconstructing paleodiets. Am. Mus. Novit. 3301, 1–36. doi: 10.1206/0003-
0082(2000)301<0001:FCOUMU>2.0.CO;2
Gerson, E. M. (2007). “The juncture of evolutionary and developmental biology,”
in From Embryology to Evo-Devo: A History of Developmental Evolution, eds M.
D. Laubichler and J. Maienschein (Cambridge, MA: MIT Press), 435–463.
Gomes Rodrigues, H., Marangoni, P., Sumbera, R., Tafforeau, P., Wendelen,
W., and Viriot, L. (2011). Continuous dental replacement in a hyper-chisel
tooth digging rodent. Proc. Natl. Acad. Sci. U.S.A. 108, 17355–17359. doi:
10.1073/pnas.1109615108
Gould, S. J. (1977). Ontogeny and Phylogeny. Cambridge, MA; London: President
and Fellows of Harvard College.
Grant, T. (2007). Platypus, 4th Edn. Collingwood, VIC: CSIRO Publishing.
Harada, H., Kettunen, P., Jung, H. S., Mustonen, T., Wang, Y. A., and Thesleff,
I. (1999). Localization of putative stem cells in dental epithelium and their
association with Notch and FGF signaling. J. Cell. Biol. 147, 105–120. doi:
10.1083/jcb.147.1.105
Harada, H., Toyono, T., Toyoshima, K., and Ohuchi, H. (2002). FGF10 maintains
stem cell population during mouse incisor development. Connect Tissue Res. 43,
201–204. doi: 10.1080/03008200290000989
Hillson, S. (2005). Teeth. Cambridge, MA: Cambridge University Press.
Hwang, W. S. S., and Tonna, E. A. (1965). Autoradiographic analysis of
labeling indices and migration rates of cellular component of mouse
incisors using tritiated thymidine (H3TDR). J. Dent. Res. 44, 42–53. doi:
10.1177/00220345650440012901
Jacob, F. (1977). Evolution and tinkering. Science 196, 1161–1166. doi: 10.2307/
1744610
Janis, C. M., and Fortelius, M. (1988). On the means whereby mammals achieve
increased functional durability of their dentitions, with special reference to lim-
iting factors. Biol. Rev. 63, 197–230. doi: 10.1111/j.1469-185X.1988.tb00630.x
Jardine, P. E., Janis, C. M., Sahney, S., and Benton, M. J. (2012). Grit not grass:
concordant patterns of early origin of hypsodonty in great plains ungulates and
Glires. Palaeogeogra. Palaeoecl. 365–366, 1–10. doi: 10.1016/j.palaeo.2012.09.001
Jernvall, J., and Thesleff, I. (2012). Tooth shape formation and tooth
renewal: evolving with the same signals. Development 139, 3487–3497. doi:
10.1242/dev.085084
Juuri, E., Jussila, M., Seidel, K., Holmes, S., Wu, P., Richman, J., et al. (2013).
Sox2 marks epithelial competence to generate teeth in mammals and reptiles.
Development 140, 1424–1432. doi: 10.1242/dev.089599
Juuri, E., Saito, K., Ahtiainen, L., Seidel, K., Tummers, M., Hochedlinger, K., et al.
(2012). Sox2+ stem cells contribute to all epithelial lineages of the tooth via
Sfrp5+ progenitors. Dev. Cell. 23, 317–328. doi: 10.1016/j.devcel.2012.05.012
Kaiser, T. M. (2003). The dietary regimes of two contemporaneous populations
of Hippotherium primigenium (Perissodactyla, Equidae) from the Vallesian
(Upper Miocene) of Southern Germany. Palaeogeogr. Palaeocl. 198, 381–402.
doi: 10.1016/S0031-0182(03)00480-2
Keränen, S. V., Åberg, T., Kettunen, P., Thesleff, I., and Jernvall, J. (1998).
Association of developmental regulatory genes with the development of differ-
ent molar tooth shapes in two species of rodents.Dev. Genes. Evol. 208, 477–486.
doi: 10.1007/s004270050206
Kielan-Jaworowska, Z., Luo, Z. X., and Cifelli, R. L. (2004).Mammals from the Age
of Dinosaurs. New York, NY: Columbia University Press.
Klein, O. D., Lyons, D. B., Balooch, G., Marshall, G. W., Basson, M. A., Peterka,
M., et al. (2008). An FGF signaling loop sustains the generation of differenti-
ated progeny from stem cells in mouse incisors.Development 135, 377–385. doi:
10.1242/dev.015081
Koenigswald, V. W. (2011). Diversity of hypsodont teeth in mammalian dentitions:
construction and classification. Palaeontogr. Abt. A. 294, 63–94.
Laubichler, M. D., and Maienschein, J. (2007). From Embryology to Evo-Devo:
A History of Developmental Evolution. Cambridge, MA: The Massasuchetts
Institute of Technology.
Li, L., Kwon, H. J., Harada, H., Ohshima, H., Cho, S. W., and Jung, H. S. (2011).
Expression patterns of ABCG2, Bmi-1, Oct-3/4, and Yap in the developing
mouse incisor. Gene. Expr. Patterns 11, 163–170. doi: 10.1016/j.gep.2010.11.001
Liem, K. F. (1980). Adaptive significance of intra—and interspecific differences in
the feeding repertoris of cichlid fishes. Am. Zool. 1, 295–314.
Meredith, R. W., Janecka, J. E., Gatesy, J., Ryder, O. A., Fisher, C. A., Teeling, E. C.,
et al. (2011). Impacts of the Cretaceous terrestrial revolution and KPg extinction
on mammal diversification. Science 334, 521–524. doi: 10.1126/science.1211028
Mihlbachler, M. C., Rivals, F., Solounias, N., and Semprebon, G. M. (2011). Dietary
change and evolution of horses in North America. Science 331, 1178–1181. doi:
10.1126/science.1196166
Millar, S. E., Koyama, E., Reddy, S. T., Andl, T., Gaddapara, T., Piddington, R.,
et al. (2003). Over—and ectopic expression of Wnt3 causes progressive loss of
ameloblasts in postnatal mouse incisor teeth. Connect Tissue Res. 44, 124–129.
doi: 10.1080/03008200390152205
Moczeck, A. P., Sultan, S., Foster, S., Ledón-Rettig, C., Dworkin, I., Nijhout, H. F.,
et al. (2011). The role of developmental plasticity in evolutionary innovation.
P. Roy. Soc. B. 278, 2705–2713. doi: 10.1098/rspb.2011.0971
Müller, G. B. (2007a). Evo-Devo: extending the evolutionary synthesis. Nat. Rev.
Genet. 8, 943–949. doi: 10.1038/nrg2219
Müller, G. B. (2007b). “Six memos for Evo-Devo,” in From Embryology to Evo-Devo,
eds M. D. Laubichler and J. Maienschein (Cambridge, MA: The MIT Press),
499–524.
Musser, A. M., and Archer, M. (1998). New information about the skull and
dentary of the Miocene platypus Obdurodon dicksoni, and a discussion of
www.frontiersin.org August 2014 | Volume 5 | Article 324 | 11
Renvoisé and Michon Hypselodont tooth and stem cell niche
ornithorhynchid relationships. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 353,
1063–1079. doi: 10.1098/rstb.1998.0266
Mustonen, T., Pispa, J., Mikkola, M. L., Pummila, M., Kangas, A. T., Pakkasjärvi, L.,
et al. (2003). Stimulation of ectodermal organ development by Ectodysplasin-
A1. Dev. Biol. 259, 123–136. doi: 10.1016/S0012-1606(03)00157-X
Ohshima, H., Nakasone, N., Hashimoto, E., Sakai, H., Nakakura-Ohshima, K.,
and Harada, H. (2005). The eternal tooth germ is formed at the api-
cal end of continuously growing teeth. Arch. Oral. Biol. 50, 153–157. doi:
10.1016/j.archoralbio.2004.09.008
O’Leary, M. A., Bloch, J. I., Flynn, J. J., Gaudin, T. J., Giallombardo, A., Giannini,
N. P., et al. (2013). The placental mammal ancestor and the post-K-Pg radiation
of placentals. Science 339, 662–667. doi: 10.1126/science.1229237
Otsu, K., Kumakami-Sakano, M., Fujiwara, N., Kikuchi, K., Keller, L., Lesot, H.,
et al. (2014). Stem cell sources for tooth regeneration: current status and future
prospect. Front. Physiol. 5:36. doi: 10.3389/fphys.2014.00036
Parsa, S., Kuremoto, K., Seidel, K., Tabatabai, R., Mackenzie, B., Yamaza, T., et al.
(2010). Signaling by FGFR2b controls the regenerative capacity of adult mouse
incisors. Development 137, 3743–3752. doi: 10.1242/dev.051672
Perez, M. E., and Vucetich, M. G. (2011). A new extinct genus of Cavioidea
(Rodentia, Hystricognathi) from the Miocene of Patagonia (Argentina) and the
evolution of cavioid mandiular morphology. J. Mamm. Evol. 18, 163–183. doi:
10.1007/s10914-011-9154-1
Pisco, A. O., Brock, A., Zhou, J., Moor, A., Mojtahedi, M., Jackson, D., et al. (2013).
Non-Darwinian dynamics in therapy-induced cancer drug resistance. Nature
Comm. 4, 2467. doi: 10.1038/ncomms3467
Plavcan, M. (2012). Sexual dimorphism, canine dimorphism, and male-male
competition in primates.Hum. Nat. 23, 45–67. doi: 10.1007/s12110-012-9130-3
Raia, P., Carotenuto, F., Eronen, J. T., and Fortelius, M. (2011). Longer in
the tooth, shorter in the record? The evolutionary correlates of hypsodonty
in Neogene ruminants. Proc. R. Soc. B. 278, 3474–3481. doi: 10.1098/rspb.
2011.0273
Renvoisé, E., Montuire, S., Richard, Y., Quéré, J.-P., Gerber, S., Cucchi, T., et al.
(2012). Microevolutionary relationships between phylogeographical history,
climate change and morphological variability in the common vole (Microtus
arvalis) across France. J. Biogeography 39, 698–712.
Rinke, T. (1991). Percentage of volume versus number of species: availability and
intake of grasses and forbs inMicrotus arvalis. Folia Zool. 40, 143–151.
Robinson, B. W., and Wilson, D. S. (1998). Optimal foraging, specialization, and a
solution to Liem’s paradox. Am. Nat. 151, 223–235. doi: 10.1086/286113
Seidel, K., Ahn, C. P., Lyons, D., Nee, A., Ting, K., Brownell, I., et al. (2010).
Hedgehog signaling regulates the generation of ameloblast progenitors in
the continuously growing mouse incisor. Development 137, 3753–3761. doi:
10.1242/dev.056358
Smith, C. E. (1980). Cell turnover in the odontogenic organ of the rat incisor
as visualized by graphic reconstructions following a single injection of 3H-
thymidine. Am. J. Anat. 158, 321–343. doi: 10.1002/aja.1001580307
Smith, C. E., andWarshawsky, H. (1975). Cellular renewal in the enamel organ and
the odontoblast layer of the rat incisor as followed by radioautography using
3H-thymidine. Anat. Rec. 183, 523–561. doi: 10.1002/ar.1091830405
Snippert, H. J., van der Flier, L. G., Sato, T., van Es, J. H., van den Born, M., Kroon-
Veenboer, C., et al. (2010). Intestinal crypt homeostasis results from neutral
competition between symmetrically dividing Lgr5 stem cells. Cell 143, 134–144.
doi: 10.1016/j.cell.2010.09.016
Suomalainen, M., and Thesleff, I. (2010). Patterns of Wnt pathway activity in the
mouse incisor indicate absence of Wnt/beta-catenin signaling in the epithelial
stem cells. Dev. Dyn. 239, 364–372. doi: 10.1002/dvdy.22106
Thesleff, I., Stenman, S., Vaheri, A., and Timpl, R. (1979). Changes in the matrix
proteins, fibronectin and collagen, during differentiation of the mouse tooth
germ. Dev. Biol. 70, 116–126. doi: 10.1016/0012-1606(79)90011-3
Thesleff, I., and Tummers, M. (2008). “Tooth organogenesis and regeneration,” in
StemBook, eds F. Watt and F. Gage (Cambridge, MA: The Stem Cell Research
Community, StemBook), 1–12.
Tougard, C., Renvoisé, E., Petitjean, A., andQuéré, J.-P. (2008). New insight into the
colonization processes of common voles: inferences from molecular and fossil
evidence. PLoS ONE 3: e3532. doi: 10.1371/journal.pone.0003532
Tummers, M., and Thesleff, I. (2003). Root or crown: a developmental choice
orchestrated by the differential regulation of the epithelial stem cell niche
in the tooth of two rodent species. Development 130, 1049–1057. doi:
10.1242/dev.00332
Tummers, M., and Thesleff, I. (2008). Observations on continuously growing
roots of the sloth and the K14-Eda transgenic mice indicate that epithelial
stem cells can give rise to both the ameloblast and root epithelium cell lineage
creating distinct tooth patterns. Evol. Dev. 10, 187–195. doi: 10.1111/j.1525-
142X.2008.00226.x
Tummers, M., and Thesleff, I. (2009). The importance of signal pathway modula-
tion in all aspects of tooth development. J. Exp. Zool. B. Mol. Dev. Evol. 312B,
309–319. doi: 10.1002/jez.b.21280
Ungar, P. S. (2010).Mammal Teeth: Origin, Evolution, andDiversity. Baltimore,MD:
The John Hopkins University Press.
Van Valen, L. (1960). A functional index of hypsodonty. Evolution 14, 531–532. doi:
10.2307/2406003
Van Valkenburgh, B. (2007). Déjà vu: the evolution of feeding morphologies in
Carnivora. Integr. Comp. Biol. 47, 147–163. doi: 10.1093/icb/icm016
Vianey-Liaud, M., and Michaux, J. R. (2003). Evolution “graduelle” à l’échelle
géologique chez les rongeurs fossiles du Cénozoïque européen. Comptes Rendus
Palevol. 2, 455–472. doi: 10.1016/j.crpv.2003.09.026
Wagner, G. (2007). “The current state and the future of developmental evolution,”
in From Embryology to Evo-Devo: A History of Developmental Evolution, eds M.
D. Laubichler and J. Maienschein (Cambridge, MA: MIT Press), 525–545.
Wake, D. B., Wake, M. H., and Specht, C. D. (2011). Homoplasy: from detect-
ing pattern to determining process and mechanism of evolution. Science 331,
1032–1035. doi: 10.1126/science.1188545
Wang, X. P., Suomalainen, M., Felszeghy, S., Zelarayan, L. C., Alonso, M. T., Plikus,
M. V., et al. (2007). An integrated gene regulatory network controls stem cell
proliferation in teeth. PLoS Biol. 5:e159. doi: 10.1371/journal.pbio.0050159
Wang, X. P., Suomalainen,M., Jorgez, C. J., Matzuk,M.M.,Werner, S., and Thesleff,
I. (2004). Follistatin regulates enamel patterning in mouse incisors by asym-
metrically inhibiting BMP signaling and ameloblast differentiation.Dev. Cell. 7,
719–730. doi: 10.1016/j.devcel.2004.09.012
Yokohama-Tamaki, T., Fujiwara, N., Shibata, S., Wakisaka, S., and Harada, H.
(2008). The epithelial-mesenchymal interaction plays a role in the maintenance
of the stem cell niche of mouse incisors via Fgf10 and Fgf9 signaling. Open
Biotech. J. 2, 111–115. doi: 10.2174/1874070700802020111
Zhao, H., Li, S., Han, D., Kaartinen, V., and Chai, Y. (2011). Alk5-mediated
transforming growth factor β signaling acts upstream of fibroblast growth
factor 10 to regulate the proliferation and maintenance of dental epithelial stem
cells.Mol. Cell. Biol. 31, 2079–2089. doi: 10.1128/MCB.01439-10
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 18 April 2014; accepted: 06 August 2014; published online: 28 August 2014.
Citation: Renvoisé E and Michon F (2014) An Evo-Devo perspective on ever-growing
teeth in mammals and dental stem cell maintenance. Front. Physiol. 5:324. doi:
10.3389/fphys.2014.00324
This article was submitted to Craniofacial Biology, a section of the journal Frontiers in
Physiology.
Copyright © 2014 Renvoisé and Michon. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.
Frontiers in Physiology | Craniofacial Biology August 2014 | Volume 5 | Article 324 | 12
